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The role of CREB during learning and memory has a term synaptic enhancement.
cellular correlate in the function of CREB during longterm synaptic plasticity. In Aplysia, CREB activity has Introduction been assayed at a synaptic level in vitro utilizing the sensory-motor neuron culture system. LTF is blocked The search for the molecular mechanisms underlying by injection of CRE oligonucleotides into sensory neuron long-term synaptic plasticity has begun to focus on the cell bodies, titrating down the effectiveness of CREBcyclic AMP (cAMP) second messenger signaling casmediated gene transcription (Dash et al., 1990) . Concade. cAMP was initially demonstrated to participate in versely, injection of antibodies to ApCREB2, the endogshort-term synaptic facilitation at central synapses in enous repressor of CREB-mediated gene transcription, Aplysia (Brunelli et al., 1976; Castellucci et al., 1980) . converts short-term synaptic plasticity associated with More recently, cAMP has been shown to be involved in a single pulse of serotonin into LTF (Bartsch et al., 1995) . hippocampal long-term potentiation (LTP) (Huang et al., Finally, hippocampal LTP in CREB knockout mice is 1994; Weisskopf et al., 1994) , long-term facilitation (LTF) impaired, suggesting that the deficits in water maze at central synapses in Aplysia (Schacher et al., 1988) , performance may be due to altered capacity to generate and activity-dependent synaptic plasticity in Drosophila LTP (Bourtchuladze et al., 1994) . Drosophila offers an excellent system to investigate (Zhong and Wu, 1991) . Thus, while cAMP participates further the function of CREB at a synaptic level in in mechanisms of short-term facilitation, it also appears vivo, utilizing the combination of classical genetic analyto initiate events that consolidate short-term facilitasis and inducible transgene technology. In Drosotion (or potentiation) into long-term structural and funcphila, CREB is encoded by a single gene (dCREB2) that tional changes. The consolidation of long-term synaptic is alternatively spliced to generate two functional change is a process that requires new transcription and classes of proteins: the CREB activator (dCREB2-a) and protein synthesis which can be initiated by elevated CREB repressor (dCREB2-b) isoforms (Yin et al., submitcAMP levels (Montorolo et al., 1986; Schacher et al., ted) . Cloning of cDNAs encoding the dCREB2-a and 1988; Bailey et al., 1992) . Recent evidence suggests that dCREB2-b isoforms behind the heat shock promoter cAMP may directly influence new transcription through (hsp40) has allowed experimental activation or represthe phosphorylation, via protein kinase A (PKA), of the sion of CREB-mediated transcription regulation (Yin et al., 1994 (Yin et al., , 1995 
Drosophila neuromuscular junction (NMJ).
The Drosophila NMJ is a glutamatergic synapse that single heat shock (37ЊC for 2 hr/day) and were raised at an elevated temperature between heat shocks (27ЊC) displays both activity-and cAMP-dependent long-term synaptic plasticity. An increase either in neuronal activity until the wandering stage of the third larval instar. At this stage, synaptic morphology and physiology were (in eag Shaker potassium channel double mutants) or in cAMP (in dunce [dnc] cAMP phosphodiesterase mucharacterized at muscle 6 in abdominal segment A2. In this and all other experiments, the number of synaptic tants) leads to an increase in the structure and the function of the Drosophila NMJ (Budnik et al., 1990; boutons were counted and used as an indication of the size of the neuromuscular synapse. There is a tight and Wu, 1991). In the preceding paper (Schuster et al., 1996b [this issue of Neuron]), we showed that this correlation between muscle fiber size and number of synaptic boutons (Schuster et al., 1996a (Schuster et al., , 1996b ; we cAMP-dependent structural plasticity requires a downregulation in the synaptic expression of the cell adhesion therefore normalized the number of boutons at the 6/7 junction to the rectangular surface area of muscles 6 and molecule Fasciclin II (Fas II). During synapse formation, Fas II becomes localizes to both the pre-and postsynap-7. This normalization significantly reduced the variability due to slight differences in synapse size as a result tic membranes (Schuster et al., 1996a [this issue of Neuron] ). Increases in both activity and cAMP lead to a of differences in muscle size. Synaptic boutons were stained with an antibody directed against the Drosophila down-regulation in synaptic Fas II expression, and genetic analysis shows that this down-regulation is both synaptic vesicle protein Synaptotagmin. This antibody selectively stains synaptic boutons but not the pronecessary and sufficient for the structural changes associated with long-term synaptic plasticity (Schuster et cesses between boutons, allowing a simple quantitation of bouton number (Figure 1 ). al., 1996b). FasII mutants that reduce synaptic Fas II levels by ‫%05ف‬ lead to synaptic sprouting, while a FasII
The quantal content of each synaptic junction was estimated by dividing the mean compound excitatory transgene that maintains synaptic Fas II levels both preand postsynaptically prevents the activity-dependent postsynaptic potential (EPSP) by the average spontaneous miniature EPSP amplitude (mEPSP). In brief, the structural plasticity normally seen in eag Shaker double mutants and the dnc mutant.
segmental nerve was stimulated, and EPSPs were recorded from muscle 6 in segment A2 or A3 in 0.5 mM However, FasII-mediated changes in synaptic structure are not sufficient on their own to change synaptic Ca 2ϩ haemolymph-like saline (HL3; . The stimulus strength was gradually increased until two strength. Physiological analyses of FasII mutants that lead to an increase in bouton number demonstrate that clear thresholds could be observed in the EPSP amplitude, corresponding to the two motoneurons (MNs) insynaptic strength is wild type (Schuster et al., 1996b) . Since increased cAMP in the dnc mutant increases both nervating muscle 6 (Kurdyak et al., 1994 ). The stimulus strength was then increased above this threshold to synaptic structure and quantal content, there must be other elements downstream from cAMP, but not downensure that both motor axons were recruited for the remainder of the experiment. In this manner, the mean stream from Fas II, that are involved in increasing quantal content.
quantal content was determined for both MNs together. In each experiment, nonlinear summation was also corHere, we demonstrate that an increase in the activation of CREB is required in parallel with the decrease rected according to Martin (1955) , and these data are presented in each figure legend. In no case does correcin synaptic Fas II to achieve long-lasting changes in synaptic function. Only when CREB is activated in paraltion for nonlinear summation alter the conclusions drawn from each figure. We believe these calculations lel with a Fas II-mediated increase in synaptic structure is there a persistent modification in synaptic function.
give an accurate estimate of the quantal content, since only two MNs innervate muscle 6 in every genotype Our experiments use the same CREB activator and CREB blocker transgenes used previously in the examianalyzed. However, because estimation of quantal content at two MNs may complicate interpretation of these nation of the role of CREB in long-term memory (Yin et al., 1994 (Yin et al., , 1995 . We present a model suggesting that results, we also estimate the quantal content at the level of single boutons for a single MN using failure analysis cAMP induces parallel molecular pathways involving CREB activation in the nucleus and Fas II down-regula-(next section; see Figure 6 ). We assessed the possibility that CREB acts downtion at the synapse that are responsible for activitystream of cAMP by expressing the dCREB2-b transgene dependent synaptic plasticity. We hypothesize that such in a dnc mutant background. dnc mutant larvae have pathways may underlie the long-term structural and an increase in bouton number due to a down-regulation functional changes in synaptic function that are essenof synaptic Fas II expression, and an increase in quantal tial for learning and memory. content ( Figure 1 ) (Schuster et al., 1996b; Budnik et al., 1990; Zhong and Wu, 1991) . When the dCREB2-b Results transgene is expressed in a dnc animal, the quantal content of the synapse is significantly reduced to almost Expression of the CREB Blocker Inhibits wild-type levels ( Figure 1B) . However, the Fas IIcAMP-Dependent Functional but Not mediated increase in the number of boutons in dnc is not Structural Plasticity significantly altered by dCREB2-b expression, although To assess the role of CREB as a component of cAMPthere is a trend toward a decrease in bouton number dependent synaptic plasticity, we first examined (Figure 1 ). In these experiments, synaptic morphology heat shock induction of the CREB blocker transgene was quantified for the same preparations used for synaptic physiology. This result is specific to expression of (dCREB2-b 17-2 ) (Yin et al., 1994) . Larvae were given a the dCREB2-b transgene, since dnc; dCREB2-b larvae raised without heat shock are physiologically and morphologically dnc. Thus, dCREB2-b acts to repress the cAMP-induced changes in synaptic function, but appears to have less effect on the cAMP-induced changes in synaptic structure that are mediated by the downregulation of synaptic Fas II. dCREB2 activity appears to act in parallel to activity-dependent changes in Fas II that are necessary and sufficient to increase bouton number.
Another characteristic of the dnc phenotype is an alteration of synaptic modulation. In dnc mutant larvae, wild-type facilitation is replaced by depression at stimulation frequencies above 10 Hz (Figure 2 ) (Zhong and Wu, 1991) . Expression of the dCREB2-b transgene in the dnc background significantly suppresses this aspect of the dnc phenotype (Figure 2 ). The depression normally seen in dnc animals at 20 Hz stimulation is significantly reduced with dCREB2-b expression, although wild-type facilitation is not achieved (Figure 2 ; p < 0.01, Student's t test comparing dnc ϩhs with dnc; dCREB2-b ϩhs at 20 Hz). These results suggest that CREB functions presynaptically, since alterations in postsynaptic detection of transmitter release would not likely modulate presynaptic transmitter release dynamics (Zhong and Wu, 1991) .
Expression of dCREB2-a Increases Presynaptic Transmitter Release Only at Structurally Expanded Synapses
Mild heat shock induction (two times for 2 hr at 37ЊC, separated by 24 hr and raised at 18ЊC) of the dCREB2-a transgene alone does not alter synaptic morphology or function (data not shown). This demonstrates that modest increases of CREB activity alone are insufficient to affect synaptic plasticity. Since expression of dCREB2-b appears to alter primarily synaptic function rather than morphology, we hypothesized that dCREB2-a requires independent changes in synaptic structure to mediate changes in synaptic strength. To test this hypothesis, we experimentally manipulated bouton number with mutations in the FasII gene and then expressed dCREB2-a in these mutant backgrounds. Schuster et al., 1996a Schuster et al., , 1996b . Shown are muscles 6 and 7 in segment A2 stained in dnc; dCREB2-b (ϩhs) when compared with dnc (ϩhs) alone and with anti-Synaptotagmin. There is increased bouton number and dnc; dCREB2-b (Ϫhs) (p Յ 0.001). The percent wild-type quantal branching in dnc. Expression of dCREB2-b in the dnc mutant backcontent in dnc; dCREB2-b remains significantly larger than wild type ground does not alter the dnc-mediated increase in synaptic (Student's t test, p ϭ 0.047). Expression of dCREB2-b does not structure.
significantly alter the percent wild-type bouton number as compared (B) Sample traces (average 10 consecutive stimuli) for each genowith dnc alone. The mean quantal content was determined for each type are shown above the average data presented in the bar graph recording by dividing the average supperthreshold EPSP amplitude below. The graph shows average data (ϮSEM) for the percent wild-(n Ն 10) by the average amplitude of the spontaneous miniature type bouton number at muscles 6 and 7 (open bars) and percent amplitude (n Ն 50). The percent wild-type quantal contents corwild-type quantal content (closed bars). All genotypes were raised rected for nonlinear summation are as follows: wild-type (ϩhs) ϭ in parallel and given identical heat shocks (raised at 27ЊC and heat 100% Ϯ 11%; dnc (ϩhs) ϭ 187% Ϯ 12%; dnc; dCREB2-b (ϩhs) ϭ shocked at 37ЊC for 2 hr once per day) except for the dnc; dCREB2-b 110% Ϯ 9%; dnc; dCREB2-b (Ϫhs) ϭ 161.3% Ϯ 14%. Bouton num-(Ϫhs) larvae, which were raised at 18ЊC. The dnc mutation (ϩhs) ber was counted and normalized to the rectangular surface area of causes a significant increase in both percent bouton number and muscles 6 and 7 in a given segment. The average quantal content percent wild-type quantal content compared with wild type (ϩhs; and normalized bouton number were then normalized to the wildStudent's t test, p Յ 0.001). There is a significant reduction in percent type values. Physiology and anatomy were performed on the same wild-type quantal content, but not percent wild-type bouton number preparations. Data presented as the mean Ϯ SEM.
FasII e93 , independent alleles that both express ‫%05ف‬ protein; Figure 3 ). dCREB2-a expression at structurally wild-type synapses (FasII e93 with wild-type bouton number and Fas II expression) did not alter synaptic strength. Furthermore, dCREB2-a expression at a structurally reduced synapse (FasII e76 ) also did not change the quantal content of the synapse. The quantal content of the Fas-II e76 mutation has been shown to be wild type, even though there is a 30%-40% reduction in bouton number (Stewart et al., 1996) . Thus, dCREB2-a only increases quantal content when there is an independent, Fas IImediated increase in bouton number. It should be noted that strong heat shock induction of dCREB2-a (2 hr/day at 37ЊC and raised at 27ЊC until the wandering third instar stage) results in a significant increase in quantal content, independent of genetic background and with little effect on bouton number (data not shown). This is in contrast with long-term activity-dependent plasticity observed at this synapse, which includes an increase in both structure and function. Thus, we suspect that mild heat shock induction of CREB may more closely resemble the physiological level of CREB induction that occurs during normal plasticity. FasII e86 (50% Fas II and increased bouton number), Fas-II e93 ; dCREB2-a (heat shock induction of dCREB2-a at ‫,%05ف‬ while a mutant that express only ‫%01ف‬ protein a wild-type junction; data not shown), and FasII e76 ; (FasII e76 ) reduces the number of boutons by 30%-40% dCREB2-a (heat shock induction of dCREB2-a with de- (Stewart et al., 1996; Schuster et al., 1996a) . We excreased bouton number; data not shown) (Figure 4 ). pressed the CREB activator construct under mild heat Further evidence that dCREB2-a expression inshock conditions (two times for 2 hr at 37ЊC, separated creases presynaptic transmitter release is obtained by by 24 hr and raised at 18ЊC) in these different FasII analysis of mEPSPs rate. There is a significant increase mutant backgrounds.
in mEPSP rate that parallels the increase in quantal dCREB2-a induction significantly increased quantal content due to dCREB2-a expression at synapses with content only in FasII mutant backgrounds that increase an increase in the number of boutons ( Figure 5 ). There is also a significant increase in mEPSP rate due to the the number of synaptic boutons ( Stewart et al., 1996) . The physiology and anatomy were analyzed in the same preparations. Significance was assessed using the Student's t test resulting in the following p values: increased morphology, p < 0.01; increased quantal content, p < 0. expression of the dCREB2-a alone. However, dCREB2-a assess how well our predicted poisson parameters describe the observed data. This is most likely due to expressed at a structurally enhanced synapse shows a dramatic increase even beyond that seen in dCREB2-a differences in the attenuation of release events within a single bouton to our extracellular recording electrode. alone.
As a first step in our analysis of single bouton transmission, we characterized the ratio of observed release dCREB2-a Increases Presynaptic Transmitter Release at Single Boutons events to total number of trials ( Figure 6A ). Single boutons fail more often in FasII e86 compared with wild-type Quantal analysis at the vertebrate NMJ is a particularly powerful tool because two independent methods can controls and with dCREB2-a alone. However, single boutons in FasII e86 ; dCREB2-a have a wild-type failure be used to estimate the quantal content: the average EPSP amplitude divided by the average mEPSP amplirate. This indicates that expression of dCREB2-a may increase the efficacy of single boutons in FasII e86 to wildtude and a failure analysis. A failure analysis assumes a binomial model of transmitter release that can be simtype levels. Estimation of the per bouton quantal content confirms plified to a poisson distribution as the probability of release goes to zero (Boyd and Martin, 1956; Korn and our interpretation of quantal analysis of the compound EPSP, suggesting that dCREB2-a increases transmitter Faber, 1991). Using a poisson model, the quantal content is equal to the natural log of the ratio of trial to release at synapses that have a FasII-mediated increase in bouton number ( Figure 6 ). The FasII e86 mutant, with failures. There are a number of observations that support the application of poisson statistics to transmitter rean increased number of boutons, has a decreased per bouton quantal content ( Figure 6 ). This is consistent with lease at single boutons. The binomial distribution can be approximated by a poisson variate with mean equal the hypothesis that the wild-type presynaptic release machinery is distributed throughout a larger presynaptic to np (where p is the probability of release, n is the number of release sites, and their product, np, is equal structure in FasII e86 mutants (Schuster et al., 1996b ). dCREB2-a expression in the FasII e86 mutant background to the mean quantal content, m) provided that p < 0.1 and np < 10 (Evens et al., 1993). We observe a low increases the per boutons quantal content to wild-type levels. In FasII e86 ; dCREB2-a larvae, there are more bouenough release rate that even if only two active zones within a single bouton were active, the conditions for tons, each with a wild-type quantal content, that combine to produce an increase in synaptic strength. application of poisson statistics would be met. However, as stated previously, it is likely that there are between dCREB2-a expression at structurally wild-type synapses (dCREB2-a; FasII e93 or dCREB2-a alone) does not 7 and 41 functional active zones within a single type 1 bouton (an average of 7 for type 1s and 41 for type 1b; significantly alter the per bouton quantal content ( Figure  6 ). These results support the hypothesis that dCREB2-a Atwood et al., 1993). Our analysis is further supported by our large sample numbers (300-500 trials). Unfortuinitiates the transcription of rate-limiting components necessary for the insertion or activation of new release nately, we do not observe discrete amplitude peaks in our frequency histograms, and therefore, we can not sites, but this only occurs at boutons in which there The rate of spontaneous transmitter release at muscle fiber 6 is selectively increased when the CREB activator (dCREB2-a) Figure 4 wild-type levels of Fas II and wild-type bouton number. FasII e86 has dCREB2-a (50% Fas II, increased bouton number, and heat shock-‫%05ف‬ Fas II expression and an ‫%05ف‬ increase in the number of induced expression dCREB2-a). Each genotype was given the same MN boutons at muscle fibers 6 and 7. FasII e93 ; dCREB2-a has heat heat shock protocol. Shown for each histogram are the mean amplishock induction of the dCREB2-a transgene in the FasII e93 backtude in millivolts (mepsp), the number of events in the histogram ground. FasII e86 ; dCREB2-a has induction of dCREB2-a in a FasII e86 pooled from 5-7 different recordings of similar resting membrane background (increased bouton number). There is a significant inpotential and input resistance (N), the variance of the measured crease in the rate of spontaneous miniature release in FasII e86 ; amplitudes (var), and the average superthreshold-evoked EPSP amdCREB2-a compared with all other genotypes tested. Data preplitude (ϮSEM) for the recordings from which the miniature amplisented as the mean Ϯ SEM. tudes were pooled (EPSP). There is no difference in the mean miniature amplitude or amplitude variance among all three genotypes. the increase in presynaptic boutons and branches during activity-dependent plasticity (Schuster et al., 1996b) . is sufficient room for the insertion of this new release However, Fas II-mediated changes in synaptic structure machinery.
are not sufficient to alter synaptic function. A concomitant increase in dCREB2-a activity is required in parallel with Fas II-mediated changes in synaptic structure to Discussion achieve an increase in synaptic function. The data presented here support the model that parallel molecular pathways are responsible for changes in Induction of dCREB2-b Suppresses cAMP-Induced Functional but Not Structural Plasticity synaptic structure and function during activity-dependent synaptic plasticity (Figure 7) . Activity-dependent
Our data support a model whereby CREB function is required at the Drosophila NMJ for long-term functional changes in the synaptic expression of the cell adhesion molecule Fas II are necessary and sufficient to generate plasticity but not for structural growth. Expression of synapse during larval development (Figure 1 ). However, functional plasticity is selectively repressed when dCREB2-b is expressed in a genetic background that persistently elevates cAMP levels. Previous research has shown that synaptic structure and function are enhanced in dnc mutant larvae that have elevated levels of cAMP (Budnik et al., 1990; Zhong and Wu, 1991) . It is now clear that this cAMP-dependent structural plasticity is due to a reduced expression of Fas II at the synapse (Schuster et al., 1996b) . Expression of dCREB2-b in the dnc mutant background selectively blocks the cAMP-mediated increase in presynaptic transmitter release, but does not significantly alter the cAMP-dependent increase in synaptic sprouting that is mediated by changes in synaptic Fas II expression (Figure 1) . Thus, CREB must act downstream of cAMP to modulate synaptic function. Consistent with CREB acting downstream of cAMP to modulate presynaptic function, dCREB2-b also represses cAMP-mediated changes in frequency-dependent synaptic modulation (Figure 2 ). The synaptic depression normally seen in dnc mutant larvae, at stimulation frequencies above 10 Hz, is dramatically shifted toward wild-type facilitation (Figure 2 ). This supports the hypothesis that CREB alters presynaptic transmitter release, since short-term facilitation and depression are considered a presynaptic phenomena at this synapse (Zhong and Wu, 1991) . in quantal size (Figures 3 and 4) . Furthermore, the rate dCREB2-a) increases the per bouton quantal content to wild-type of spontaneous miniature release increases in parallel levels. The per bouton quantal content of larvae in which dCREB2-with this increase in quantal content. The estimation of a is induced at a wild-type NMJ (dCREB2-a) demonstrates that heat shock dCREB2-a induction does not increase the quantal content quantal content in these experiments relies on the corat a structurally wild-type synapse. All genotypes were heat shocked rect measurement of EPSP and mEPSP amplitudes and with identically using the mild heat shock protocol (see Results).
assumes that complicating factors such as nonlinear Data are presented as the mean Ϯ SEM.
summation and electrotonic attenuation do not distort our data. However, we do not believe that these factors present serious problems for several reasons. First, the the dCREB2-b transgene alone does not alter synaptic structure or function, suggesting that CREB activity is larval muscle fibers are wide and short and have been shown to be isotonic, eliminating the possibility that not involved in the normal maturation and growth of the Summary of results from the experiments we have described here and in the preceding papers (Schuster et al., 1996a (Schuster et al., , 1996b on the role of Fas II and CREB in mediating cAMPdependent long-term synaptic plasticity. For details, see text. ND, not done. electrotonic attenuation affects EPSP and mEPSP amwild-type levels. We hypothesize that CREB initiates plitudes differentially (Jan and Jan, 1976) . There is couthe transcription of genes encoding rate-limiting factors pling between muscle fibers in adjacent segments that necessary to fill the increased synaptic structure with could affect the population of mEPSP amplitudes indethe transmitter release machinery. pendent of the evoked potentials. However, these Finally, the fact that dCREB2-a did not increase the events are easily identified as a population of events per bouton quantal content above wild-type levels (uswith a very slow rise time, being severely attenuated by ing mild heat shock conditions) suggests that there is the coupling between muscle fibers. These mEPSPs an optimum number of active zones that may be packed were excluded from analysis. Second, we corrected for into a single bouton. CREB appears to enhance synaptic nonlinear summation of quantal events in our analysis function only when additional structural space has been according to Martin (1955) . Finally, a failure analysis created by Fas II-mediated presynaptic sprouting. at the level of single boutons was undertaken as an CREB does not seem to play a role in the normal develindependent means of estimating the quantal content; opmental insertion of active zones into synaptic bousuch an analysis is not contaminated by nonlinear sumtons, since overexpression of dCREB2-a or dCREB2-b mation.
alone does not alter the development of wild-type bouSince single bouton recordings have a superb signalton number or function. to-noise ratio, it is possible, using a failure analysis, to demonstrate that the quantal content at single boutons CREB Function in Drosophila Compared is reduced in FasII mutants that increase bouton number with Aplysia and Mouse (Schuster et al., 1996b) . In addition, silent boutons are
The results from Drosophila presented here support the not observed in these mutants. We propose that in these model that CREB acts as an essential component of mutants the wild-type levels of transmitter release malong-term synaptic plasticity, as suggested by previous chinery are diluted throughout a larger synaptic strucwork on Aplysia (Bartsch et al., 1995) and mouse (Bourtture. Expression of dCREB2-a in this mutant background increases the per bouton quantal content to chuladze et al., 1994). Our genetic analysis has allowed us to both dissect and reconstitute this process, and in The Drosophila versus Aplysia experimental paradigms might be just different enough to generate similar so doing, to show that CREB activity is restricted to the functional and not the structural aspects of plasticity at but not identical conclusions. The use of genetic analysis to genetically dissect and reconstitute the parallel this synapse. In mouse, the mechanisms of LTP can be altered by changes in CREB activity, although it is diffistructural and functional pathways lends strong support to our model (for summary, see Figure 7 ). It is possible cult to determine whether there is a parallel change in presynaptic structure. Results in Aplysia, however, that the same parallel structural and functional pathways may function in Aplysia and mammals. In this way, the seem to put CREB activity upstream of both structural and functional modifications during LTF. Injection of down-regulation of cell adhesion molecules (apCAM, FasII, NCAM, or other CAMs) might function to control oligonucleotides containing multiple CRE-binding sites into cultured sensory neuron cell bodies represses presynaptic structure, while CREB activity could function in parallel with changes in CAM expression to regustructural and functional LTF (Dash et al., 1990) . Similarly, injection of antibodies directed against ApCREB2 late the cAMP-mediated enhancement of synaptic strength. (the dCREB2-b homolog) into sensory neuron cell bodies allows a single pulse of 5-HT, which would normally produce only a short-term functional synaptic change, Model for Long-Term Synaptic Plasticity to elicit structural and functional LTF (Bartsch et al., In summary, we propose the following model for long-1995).
term synaptic plasticity at the larval NMJ in Drosophila: It is possible that the precise function of CREB during increased activity of MNs leads to an increase in cytolong-term synaptic plasticity may vary slightly at differsolic cAMP (Zhong et al., 1992) , which initiates two paralent synapses. Alternatively, the basic function of CREB lel pathways: a down-regulation of synaptic Fas II that may be highly conserved, but different experimental paris necessary and sufficient to cause structural expanadigms may lead to a different emphasis in the interpresion of the synapse (Schuster et al., 1996b) , and an tation of the results. The experiments in Aplysia have elevation in dCREB2-a activity in the MN nucleus that the advantage of examining LTF in a presumably nondeinitiates transcription of genes encoding rate-limiting veloping coculture system. However, these experiments components necessary to fill the expanded synaptic are constrained by the inability to genetically alter apstructure with the release machinery to increases pre-CAM expression independent of CREB function. Thus, synaptic transmitter release. Both pathways are downit has not been possible to dissociate cAMP-mediated stream of cAMP, and both are initially independent, but changes into their structural and functional compoboth must be activated in parallel as they come together nents. An alternate interpretation of the Aplysia results to achieve a long-term cAMP-dependent enhancement is that a cAMP-mediated reduction in apCAM induces in synaptic strength. only synaptic sprouting, independent of CREB, just as in Drosophila. In this interpretation, the transient new
Experimental Procedures
synapses caused by apCAM-mediated sprouting might only be stabilized by a CREB-dependent insertion of Physiology new transmitter release machinery. Blocking CREB Third instar larvae were selected at the wall-climbing stage and dissected according to Schuster et al. (1996b ; dCREB2-b male larvae was later confirmed by staining for LacZ with the vital dye fluorescein hand, with the cursor option in the Clampfit portion of PCLAMP6 software (Axon Instruments).
digalactoside (FDG; Molecular Probes, Incorporated; see Auld et al., 1995) . Larvae that carry the FM7c balancer instead of dnc could thus be identified by muscle fluorescence.
Quantal Analysis
Expression of the dCREB2-a transgene in numerous FasII mutant The mean quantal content for a given MN synapse on muscle fiber backgrounds was achieved by crossing dCREB2-a C30 males to FasII 6 was estimated by dividing the average evoked EPSP amplitude mutant females (FasII e86 or FasII e76 ). All male larvae carried the FasII by the average amplitude of the spontaneous miniature release mutation and the dCREB2-a transgene. Female larvae were heteroevents recorded in muscle 6. In several experiments using the zygous FasII mutants carrying the dCREB2-a transgene. In this way, dCREB2-a transgene, spontaneous miniature release events were two independent alleles of FasII were used to generate larvae with measured blind by first coding the data files, measuring the mEPSP ‫%05ف‬ Fas II expression and an expansion of bouton number (Fasevents and determining the average mEPSP amplitude before de-II e86 ; dCREB2-a and FasII e76 /ϩ; dCREB2-a). coding the data and continuing with the data analysis. Average EPSP amplitudes between 20 and 30 were typical and therefore in the range where nonlinear summation will occur. Nonlinear summaHeat Shock Protocol tion is therefore corrected according to Martin (1955) , and these Induction of the dCREB2-b transgene in the dnc mutant background data are presented in the corresponding figure legends. Correction was achieved with heat shock shocks of 2 hr at 37ЊC once a day for nonlinear summation used the estimate of the EPSP reversal after hatching. Between heat shocks, the larvae were reared at 27ЊC potential described by Nishikawa and Kidokoro (1995) .
until the third instar wandering stage. The same protocol was used for a strong induction of the dCREB2-a C30 transgene in FasII mutant Quantal Analysis at Single Boutons backgrounds. Minimal heat shock induction of the dCREB2-a
C30
Single boutons were visualized with Nomarski optics (40ϫ) on the transgene in FasII mutant backgrounds was achieved with two heat surface of muscle fiber 6 in abdominal segments 2 and 3. Boutons shocks of 2 hr at 37ЊC initiated shortly after hatching and separated were chosen for recording if they could be clearly isolated from the by 24 hr. These larvae were reared at 18ЊC until the wandering stage chain of boutons running along the surface of the muscle fiber. A of the third instar. All control animals for each heat shock experiment large bore patch electrode, slightly smaller than the diameter of were reared in parallel with the experimental animals, under identical the smaller type 1s boutons, was placed directly over the isolated heat shock conditions. bouton. The patch electrode was filled with 0.1 M Ca 2ϩ HL3 saline, the same saline used to bathe the preparation for these recordings. Acknowledgments The bouton activity was recorded using an Axopatch 200 (Axon Instruments) in Fast clamp mode. The extracellular recordings reWe thank Beth Blankemeier for technical assistance, Karen Zito, cord the specific activity of a single bouton, since no events could Sophie Petersen, and Aaron DiAntonio for critical reading of the be recorded when the patch electrode was moved a single bouton manuscript, Eric Kandel for advice and encouragement, Bob Zucker diameter away from a bouton; 0.1 mM Ca 2ϩ HL3 saline was used to and Carol Bigelow for technical consultation, Chun-Fang Wu, Barry maximize failures at a single bouton. The mean quantal content was Ganetzky, and Ron Davis for providing mutant stocks, and Jerry Yin then determined by the method of failures assuming the poisson and Tim Tully for providing CREB transgene stocks. Supported by limit of the binomial as the probability of transmitter release goes American Chemical Society Postdoctoral Fellowship ZM35 to to zero. The mean quantal content (m) is estimated as m ϭ ln(N/n0) G. W. D.; C. M. S. was a Postdoctoral Associate and C. S. G. is an where N is the number of stimulus trials and n0 is the number of Investigator with the Howard Hughes Medical Institute. This work failures. Such an analysis was possible given the clear separation was supported by National Institutes of Health grant HD21294 and between release events and noise level present in the failures. Data by seed money from the Keck Foundation. sets of approximately 300-500 trials were used in this analysis. Only
The costs of publication of this article were defrayed in part by a single bouton was sampled at a given muscle fiber due to the the payment of page charges. This article must therefore be hereby large number of stimuli delivered for a single data set.
marked "advertisement" in accordance with 18 USC Section 1734 solely to indicate this fact. Immunohistochemistry For methods, see Schuster et al. (1996a) .
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Genetics

CREB Transgenes
Auld, V.J., Fetter, R.D., Broadie, K., and Goodman, C.S. (1995) . Glio-CREB transgenes were obtained from T. Tully. The dCREB blocker tactin, a novel transmembrane protein on peripheral glia, is required transgene (dCREB2-b
17.2
) is a complete cDNA ORF under the control to form the peripheral blood-nerve barrier in Drosophila. Cell 81, of the hsp70 promoter, cloned into the mini-white transformation 757-767. vector, and inserted on the third chromosome (Yin et al., 1994) . Bailey, C.H., Montarolo, P., Chen, M., Kandel, E.R., and Schacher, The CREB activator transgenes (dCREB2-a C28a and dCREB2-a C30 ) S. (1992) . Inhibitors of protein and RNA synthesis block structural are complete cDNA ORFs under the control of hsp40 promoter, changes that accompany long-term heterosynaptic plasticity in cloned into the mini-white transformation vector, and inserted on Aplysia. Neuron 9, 749-758. the X and third chromosomes, respectively (Yin et al., 1995) . The mutated (inactive) CREB transgene (dCREB2 A2-2 ) is a nonfunctional Bartsch, D., Ghirardi, M., Skehel, P.A., Karl, K.A., Herder, S.P., Chen, M., Bailey, C.H., and Kandel, E.R. (1995) . Aplysia CREB2 represses dCREB2-b cDNA with an autosomal insertion (Yin et al., 1994) .
